In-plane optical anisotropy has been detected from monolayer MoS 2 grown on a-plane (1120) sapphire substrate in the ultraviolet-visible wavelength range. Based on the measured optical anisotropy, the energy differences between the optical transitions polarized along the ordinary and extraordinary directions of the underlying sapphire substrate have been determined. The results corroborate comprehensively with the dielectric environment induced modification on the electronic band structure and exciton binding energy of monolayer MoS 2 predicted recently by first principle calculations. The output of this study proposes the symmetry as a new degree of freedom for dielectric engineering of the two-dimensional materials.
Introduction
Among the most studied two-dimensional (2D) semiconductors, monolayer transition metal dichalcogenides (TMDCs) serve as the platform for fundamental studies in nanoscale and promise a wide range of potential applications. [1] [2] [3] [4] [5] [6] [7] Recently, the dielectric environment induced modification on the excitonic structures of monolayer TMDCs becomes a topic of intensive research efforts, [8] [9] [10] [11] [12] [13] [14] [15] [16] and the potential of the so called dielectric engineering in constructing novel optoelectronic devices has also been demonstrated. [13, 17, 18] For freestanding monolayer TMDCs, due to quantum confinement and reduced dielectric screen-ing, the Coulomb interactions between charge carriers are enhanced leading to a significant renormalization of the electronic structure and the formation of tightly bound excitons. While freestanding monolayer in vacuum representing the utmost reduction of dielectric screening, the electronic band structure and the binding energy between charge carriers in monolayer TMDCs can also be tuned by selecting dielectric environment. Indeed, first principle calculations predict a monotonic decrease of both electronic bandgap and exciton binding energy with increasing dielectric screening, [6, 8, [14] [15] [16] which has also been observed experimentally [10, 11, 13, 16] . Recently, by overlapping a homogeneous monolayer of MoS 2 (molybdenum disulfide) with the boundary connecting two substrates with different dielectric constants, an operational lateral heterojunction diode has been successfully constructed. [17] Even recently, a new concept named "dielectric order" has been introduced and its strong influence on the electronic transitions and exciton propagation has been illustrated using monolayer of WS 2 (tungsten disulfide) [18] . However, among these in-depth studies, the influence of the dielectric environment with a reduced symmetry has not been investigated, [19] and its potential for realizing anisotropic modification on the electronic and optical properties of the monolayer TMDCs remains unexploited. In this letter, we report the breaking of the three-fold in-plane symmetry of the MoS 2 monolayer by depositing on the low-symmetry surface of sapphire, demonstrating the symmetry associated dielectric engineering of the 2D materials.
Results and Discussions
Due to their attractive properties, sapphire crystals are widely applied in solid-state device fabrications and also among the substrate candidates for 2D semiconductors. [20, 21] Sapphire belongs to negative uniaxial crystals, i.e., its extraordinary dielectric function e smaller than its ordinary dielectric function o . [22, 23] So far, only c-plane (0001) sapphire substrate has been used to in-
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[1120] eo ee Figure 1 : (a)The setup of the RDS measurement and its alignment to the substrate. vestigate its dielectric screening effects on the monolayer TMDCs. [24, 25] With isotropic in-plane dielectric properties defined by o , the underlying c-plane (0001) sapphire substrate induces a dielectric modification, which is laterally isotropic to monolayer TMDCs. In contrast, we prepared monolayer MoS 2 on a-plane (1120) sapphire substrate using chemical vapor deposition (CVD). [26] By selecting low symmetry a-plane sapphire as the substrate, we supply monolayer MoS 2 with an anisotropic dielectric environment defined by ∆ ext = o − e (see Fig.1 ). The resultant anisotropic modification was then investigate by measuring the optical anisotropy in the monolayer MoS 2 over the ultraviolet-visible (UV-Vis) range using reflectance difference spectroscopy (RDS), [27, 28] which measures the reflectance difference between the light polarized along two orthogonal directions at close normal incidence (see Fig.1 ). This highly sensitive technology has been successfully applied to investigate the optical properties of ultra-narrow graphene nanoribbons. [29] For the monolayer MoS 2 covered a-plane (1120) substrate, the RD signals can be described by the following equation:
where Indeed, the RD spectrum can be resembled precisely by the first derivative of the absorption spectrum (see Fig. 2 (c)), regarding the overall line shape and, especially, the peak positions. Each peak in the RD spectrum coincides precisely with a local maximum on the first derivative curve, which is initiated by the rising slope of an absorption peak. Reminding the configuration of RDS measurement in Fig. 1 because its strong overlapping with the predominant broad C peak prevents deducing reliable ∆E.
The observed optical anisotropy of monolayer MoS 2 can be explained by the anisotropic dielectric screening induced by the a-plane sapphire substrate. As introduced in the previous section, for the atomically thin semiconductors, it has been predicted that the surrounding dielectric environment modifies both their electronic band structure and their exciton binding energy significantly by the dielectric screening effect. However, near the band edge, the modification of the electronic band structure is largely compensated by the simultaneous alternation of the exciton states, resulting in only a moderate variation of the excitonic transition energy. [15] This effect, however, attenuates for optical transitions involving higher-lying bands, leading to a pronounced dielectric environment modification on the transition energy. [15, 18] In the current case, being clipped between the air and substrate, the monolayer MoS 2 is exposed to the anisotropic dielectric environment invoked by the a-plane sapphire substrate, and its electronic band structure and exciton states become the objects of modification. For the a-plane sapphire substrate, at the static limit, the polarization dependent dielectric constants read The RDS measurements have also been performed when the sample was enclosed in a vacuum chamber with a base pressure of 1 × 10 −9 mbar. Fig. 3 shows the RD spectra of the same sample of monolayer MoS 2 on Al 2 O 3 (1120) but measured in the atmosphere and vacuum, respectively. In comparison with the result obtained in air, the RD spectrum measured in vacuum shows clearly three new features between the B and C peaks ( Fig. 3(a) ). Based on their energetic positions, two of them can be attributed to the 2s and 3s states in the B exciton Rydberg series (see the indication in Fig. 4(a) ). [32] The third feature, which appears as a shoulder at the right side of the peak B, is most probably associated with the 2s state of A exciton. This argument is supported by the observation that the energy interval between this feature and the 2s state of peak B is similar to the one between the 1s states of A and B exciton. [32] Besides, an intensification of RD signal can be recognized over the whole spectral range ( Fig. 3(b) ). The vacuum induced enhancement of the optical anisotropy can be explained by the improvement of the "dielectric ordering". [18, 33] In fact, the atmosphere may introduce dielectric disorder in following ways: (1) 
Conclusion
In summary, optical anisotropy has been detected in monolayer MoS 2 , which was deposited on a- 
SAMPLE PREPARATIONS
Monolayer MoS 2 has been synthesized on one side epi-ready a-plane (1120) and double side epiready c-plane (0001)sapphire substrates, respectively using low pressure chemical vapor deposition (CVD) [?] . Systematic characterization were carried out using conventional techniques to confirm the monolayer thickness and the quality of the samples.
SAMPLE CHARACTERIZATIONS
The morphology of the monolayer MoS 2 grown on a-plane sapphire has been studied using ZEISS Leo Supra 35 scanning electron microscope (SEM) and the MoS 2 grown on c-plane sapphire was investigated using atomic force microscopy (Veeco Dimensions S3100) in tapping mode with a soft cantilever (TipsNano). All the the Raman and PL spectra were collected using a JY Horiba LabRAM Aramis VIS microscope with an excitation wavelength of 532 nm. These measurements were carried out in a confocal configuration using a ×100 objective lens and a 2400 grooves mm −1 grating. For the measurement of differential reflectance spectroscopy (DRS), an inverted microscope (Nikon Eclipse Ti) was applied. To this end, a white light beam from a tungsten halogen lamp was reflected into a ×50 ultra-long working distance objective using a neutral density, achromatic beam splitter, and focused subsequently onto the sample surface. The reflected signals from the monolayer MoS2 covered areas (R MoS2 ) and the bare substrate areas (R substrate ) were collected successively by the same objective and sent through the beam splitter back into the spectrometer.
The DR spectra were then calculated using DRS = (R MoS2 − R substrate )/R substrate . 
where E i is the central energy, f i is the strength, and Γ i is the line width of the ith Lorentz 
where n MoS2 
where the E i , f i , and Γ i are as same as the values of modeling dielectric function along [1100] directions as listed in Tab. 1S. By substituting Eq.2-eq.3 into the definition of RDS in the main text of Eq. 1, we will obtain Re( ∆r r ) = F (∆E 1 , ∆f 1 , ∆Γ 1 , ..., ∆E i , ∆f i , ∆Γ i , ∆E 8 , ∆f 8 , ∆Γ 8 ).
We fitted Eq. 4 using least-square method and the fitted results was shown in Fig.3(b 
